Abstract: Glucocorticoid use is one of the most important causes of avascular bone necrosis (AVN). The pathogenesis of glucocorticoid-induced AVN is not fully understood but postulated mechanisms include fat hypertrophy, fat emboli and intravascular coagulation that cause impedance of blood supply to the bones. Data regarding the relationship between AVN and dosage, route of administration and treatment duration of glucocorticoids are conflicting, with some studies demonstrating the cumulative dose of glucocorticoid being the most important determining factor. Early recognition of this complication is essential as the prognosis is affected by the stage of the disease. Currently, there is no consensus on whether universal screening of asymptomatic AVN should be performed for long-term glucocorticoid users. A high index of suspicion should be exhibited for bone and joint pain at typical sites. Magnetic resonance imaging (MRI) or bone scintigraphy is more sensitive than plain radiograph for diagnosing early-stage AVN. Conservative management of AVN includes rest and reduction of weight bearing. Minimization of glucocorticoid dose or a complete withdrawal of the drug should be considered if the underlying conditions allow. The efficacy of bisphosphonates in reducing the rate of collapse of femoral head in AVN is controversial. Surgical therapy of AVN includes core decompression, osteotomy, bone grafting and joint replacement. Recent advances in the treatment of AVN include the use of tantalum rod and the development of more wear resistant bearing surface in hip arthroplasty.
INTRODUCTION
Avascular bone necrosis (AVN), also known as osteonecrosis, aseptic necrosis of bone, ischemic bone necrosis and osteochondritis desiccans, is a condition that causes significant morbidity and impairment of daily function to patients. AVN involves progressive destruction of bone as a result of compromise of bone vasculature, death of osteocytes and fat cells and alteration of bone architecture. The most common cause of AVN is trauma, which causes direct disruption of blood supply [1] . Non-traumatic causes or associations include the use of glucocorticoids [2] , alcoholism [3, 4] , hematological diseases (sickle cell anemia, thalassemia, polycythemia, hemophilia, myeloproliferative disorder) [5, 6] , metabolic diseases (Gaucher disease), hypercholesterolemia [7] , pregnancy, chronic renal failure, hyperparathyroidism, Cushing's disease, autoimmune diseases [8] , chronic pancreatitis, caisson disease, radiation, congenital hip dislocation [9] , and use of potent intravenous bisphosphonates ( Table 1) . Glucocorticoid use and alcoholism comprise 90% of all non-traumatic causes of AVN [10] .
Glucocorticoid-induced AVN most commonly affects the femoral head [1] , but it can occur in any skeletal sites such as the knee, shoulder, ankle and the hand [11] . The most common symptom is pain, which is usually insidious in onset, and exacerbated by activity and exercise. With time, the pain may occur at rest and affects function and range of motion of the involved joints. It is crucial for early identification of this condition, especially in susceptible individuals because treatment options for advanced disease are limited and many sufferers of glucocortoicoid-induced AVN are young and active individuals.
EPIDEMIOLOGY OF GLUCOCORTIOID-INDUCED AVN
Glucocorticoid-induced AVN causes significant morbidity and accounts for around 10% of all cases of total hip replacement in the United States [12] . The prevalence of glucocorticoid-induced AVN is between 3% and 38% [1] , depending on the underlying diseases, glucocorticoid dosage and route of administration. Two medical conditions commonly associated with glucocortioid-induced AVN are post-renal transplantation and systemic lupus erythematosus (SLE). The incidence of renal transplant recipients receiving glucocorticoids is between 3% and 41% [13] , while the incidence of AVN among glucocorticoid-treated SLE patients is 4% to 40% [1] .
PATHOGENESIS
Up till now the mechanisms by which glucocortoicoid induces AVN are not fully understood. Hypotheses include fat cell hypertrophy, fat embolisation, intravascular coagulation and osteocyte apoptosis, with a similar final common pathway of compromise of vasculature of bone and bone marrow, leading to ischemic necrosis of the bony tissues and subsequent mechanical failure and finally collapse of the bone.
Fat cell hypertrophy and fat emboli were demonstrated in rabbits which were given high-dose cortisone [14] . These emboli caused obliteration of vasculature in the subchondral bone of femur and humeral heads. Increase in the number of marrow fat cells were also noted in these rabbits. Similar finding of fat cell hypertrophy was also demonstrated in pluripotent cell line obtained from mice bone marrow in vitro after dexamethasone was added [15] . It is postulated that fat cell hypertrophy would cause expansion of cell volume within a restricted volume of the femoral head, thus a decrease in blood perfusion and leads to AVN. On the other hand, fat emboli deposits within the subchondral vessels and sinusoids appear to activate the complement pathway and cause deposition of immune complex and subsequent activation of the thrombotic process such as intravascular coagulation, leading to AVN [16] . A role of the lipid lowering agents in the treatment of AVN has been demonstrated in animals [17, 18] . When rabbits receiving corticosteroid treatment were given clofibrate, fat cell size was reduced and so was the intra-cortical pressure, leading to the improvement of blood flow [19] . However, the efficacy of the lipid lowering agents in the treatment and prevention of AVN in human is still unproven.
Recently glucocorticoid-induced osteocyte apoptosis has been suggested to be another pathogenetic mechanism of AVN [20, 21] . Apoptotic osteocytes were found in pathologic specimen of femoral head during total hip replacement in patients with glucocorticoid-induced AVN.
Similar findings were not reported in those with AVN due to trauma or alcohol related causes [22] . These apoptotic osteocytes gradually accumulate in the bone causing disruption of osteocyte-lacunar-canalicular system and vascular space and finally collapse of femoral head.
DIAGNOSIS OF AVN
Typical symptom in a patient with AVN is pain, which is usually insidious in onset and aggregates with activity and weight bearing. Conventional radiography is the most convenient and inexpensive first-line investigation for the diagnosis of AVN. Abnormal findings in AVN include 'crescent sign' representing subchondral collapse, cystic or sclerotic change in femoral head, abnormal contours of femoral head, collapse or secondary degenerative change. However, plain radiograph is not sensitive in detecting early AVN lesions.
Bone scintigraphy helps to pick up AVN at an earlier stage [23] . In early AVN, there is increased osteoblastic activity and blood flow in the bone which may be picked up by bone scan. In later stage of AVN, the necrotic center of the bone shows decreased radioisotope uptake but there is increased uptake in the surrounding subchondral bone adjacent to the necrotic segment. Bone scan has the advantage of detecting abnormalities at multiple sites. It can be considered when patient complains of pain at multiple bone and joint areas. However, bone scan is less specific for the diagnosis of AVN. Other limitation includes radiation dose, poor spatial resolution and unable to quantify the lesion for prognostic purpose [24] .
MRI is the most sensitive modality in diagnosing AVN (Figs. 1, 2) . The early detectable change in T1 image is a single density line that represents the separation of normal and osteonecrotic bone. In T2 image there may be another line seen within this line which represents the increased vascularity of granulation tissue [25] . MRI also allows quantification of the area and extent of AVN [26] . The drawback of MRI scan is cost if multiple sites are involved.
STAGING OF AVN
Numerous staging systems have been proposed for femoral head AVN. Proper staging is important to determine the prognosis and to decide for the optimal treatment. Ficat and Arlet [27] proposed a classification of four stages of AVN based on radiographic findings. In stage I, the radiograph is normal. In stage II, the femoral head contour is preserved but there are signs of bone remodeling such as cystic and osteosclerotic regions. In stage III, there is subchondral collapse or flattening of femoral head. In stage IV, the joint space is narrowed and secondary degenerative change is shown in acetabulum. Later, Steinberg et al. [28] put forward a new classification system involving six stages which take into account the quantification of femoral head involvement in both early and late stages from plain radiograph, bone scintigraphy or MRI scan. The newer classification system developed by the Association Research Circulation Osseous (ARCO) consists of stage 0-4 [10] ( Table 2 ). Stage 0 is the stage when all diagnostic studies normal, diagnosis by histology only. Stage I is the early stage in which osteonecrosis is evident in bone scintigraphy or MRI or both. X-ray finding is normal. Stage II is positive radiographic abnormalities (mottled appearance of the femoral head, osteosclerosis, cyst formation and osteopenia), but no sign of collapse in radiograph or CT scan. Stage III is the presence of crescent sign which signifies the subchrondral plate was separating from the necrotic cancellous bone which is apparent in both radiography and MRI scan. Stage IV is destruction of joint with secondary arthritic change.
SITE OF INVOLVEMENT IN GLUCOCORTICOID-INDUCED AVN
Glucocorticoid-induced AVN tends to occur at multiple sites, as illustrated by studies of SLE patients receiving longterm glucocorticoid treatment [29] [30] [31] . The reported proportion of SLE patients with AVN involving more than two joint areas varied from 70% to 90% in several case series [29] [30] [31] . In one report [29] evaluating 95 SLE patients with symptomatic AVN, the most commonly affected joints were hip and knee. Among these patients, 52 patients (54.7%) had bilateral hip AVN while 18 patients (18.9%) had bilateral knee AVN. Data from our group [8] showed that AVN occurred in 38 out of 320 SLE patients (12%). The AVN patients had received a significantly higher mean daily dose of prednisolone (15.6 2mg) when compared to SLE controls who did not have AVN (9.3 0.5mg). The hip was the most common site of involvement (36 out of 38 patients, 95%), and bilaterality occurred in 72% of patients. This is consistent with another prospective study [32] showing that in 120 patients with glucocorticoid-induced AVN, the most common site of involvement was hip (82%) and knee (64%), followed by shoulder (20%) and ankle (25%).
ROUTE, CUMULATIVE DOSE, DURATION OF GLUCOCORTICOID TREATMENT AND AVN
Data on the relationship between glucocorticoid dose, route of administration and duration of treatment leading to AVN are conflicting. Patients exposed to high-dose glucocorticoids with a longer treatment period were considered to be at higher risk of development of AVN [13, 33, 34] . On the other hand, there were reports demonstrating that AVN might develop over a short period of treatment with glucocorticoids [34] [35] [36] . Massardo et al. [35] reported that methylprednisolone pulse therapy was a risk factor for AVN. In their study, significantly more SLE patients who received pulse methylprednisolone (7 out of 36 SLE patients i.e. 19%) had AVN compared with those without (10 of 154 patients [6%], p<0.04). However, in another smaller study of 69 SLE patients by Migliaresi et al. [37] , 17 patients received pulse steroid but none of them developed AVN. In addition to the oral and intravenous route of glucocorticoid administration, there were case reports of AVN which developed after intra-articular or intramuscular steroid injection [38, 39] . The author attributed IMI or intra-articular steroid causing AVN because of the rapid occurrence after the administration.
In a review article summarizing 16 studies of AVN in patients with SLE [13] , recent studies in the 1980s' or later demonstrated more evidence of an association between the mean daily dose and maximum daily dose with AVN in SLE patients [35, 40, 41] . In the retrospective study from Massardo et al. [35] , it was reported that both daily dose of prednisolone of more than 40mg during the first month of treatment and pulse steroid were risk factors for AVN in 190 SLE patients. Ono et al. [40] also showed that use of oral prednisolone 30mg for at least 1 month was an independent factor associated with AVN. Similarly, in post-renal transplant patients, recent studies generally showed positive correlation between mean daily glucocorticoid dose and AVN [42] [43] [44] [45] . Studies also showed that cumulative dose of glucocorticoid may be a more important factor for AVN. Mok et al. [8] found that the cumulative dose of prednisolone at 1 and 4 months were higher in SLE patients who developed AVN compared to those did not (1.8g vs 1.1g and 4.5g vs 2.8g, respectively; p<0.01 in both). This was supported by Sayarlioglu et al. [46] and Gladman et al. [47] who both showed a positive correlation between the cumulative prednisolone dose and AVN risk in SLE patients. In renal transplants patients, the risk of AVN were also related to the cumulative dose of prednisolone received [45, 48] . Both Shibatani et al. and Saisu et al. demonstrated that there was a statistically significant correlation between the total glucocorticoid dose during first 2 months of renal transplant with femoral head AVN [45, 48] .
With respect to the time of onset of AVN after initiation of glucocorticoid, it can be developed as early as 1 year of glucocorticoid administration [49] [50] [51] [52] . Koo et al. reported that 21 of 22 patients treated with glucocorticoid had MRI evidence of AVN of femoral head within 12 months of initiation of treatment [49] . Similarly, AVN of the hips and knees could be detected in 44% of SLE patients (32/72) by MRI after a mean of 3.1 months of high-dose glucocorticoid treatment [51] . Another prospective study [52] described that early MRI change of AVN of femoral head can be observed in mean of 3.6 months after initiation of glucocorticoid among 48 patients receiving highdose glucocorticoid. It is thus important to remain vigilance for the possibility of development AVN throughout the course of treatment, particularly during the first year of initiation of glucocorticoid therapy.
Regarding the progression of glucocorticoid-induced AVN, several studies suggested that a proportion of early AVN of hip and knee may undergo spontaneous regression. Spontaneous incomplete regression was seen in 7 out of 17 (41.1%) patients with stage I glucocorticoid-induced AVN of knee without subsequent collapse using serial MRI scan [53] . Similarly, for hip AVN, a few studies have shown spontaneous improvement of necrotic area with follow up MRI [51, 52, 54] . Sakamoto et al. [52] showed that 14 of 31 hips (45%) with early MRI evidence of AVN in glucocorticoid users underwent incomplete or complete regression on follow up. The regression was evident around 1 year after initiation of glucocorticoid, after which no addition improvement was noticed. Kopecky et al. [51] also demonstrated that 7 out of 25 AVN hips (28%) among renal transplant patients regressed in size during follow up. One important factor identified to predict the spontaneous regression is the stage of AVN. Early stage AVN is more likely to regress. Another important predictor factor is the time between diagnosis initiation of glucocorticoid and diagnosis of AVN [53] . Regression is more likely to occur with AVN that were diagnosed early after initiation of glucocorticoid. Some of these patients with AVN regression were still on glucocorticoid, so discontinuation of glucocorticoid did not seem to affect the regression of AVN [53] . Size and location of lesion were not shown to affect the regression of AVN [53] .
In summary, current evidence suggests that AVN may develop in patients receiving high dose glucocorticoid within a short period of time, or even after pulse therapy with big doses of glucocorticoids. MRI evidence of AVN may appear within 1 year of initiation of glucocorticoid. Early AVN lesions may undergo spontaneous regression.
TREATMENT OF GLUCOCORTICOID-INDUCED AVN
The management of AVN includes conservative nonsurgical and surgical approach. Indication for surgical and non-surgical approach depends on stage of disease, size of lesion, age and co-morbidity of patients. General speaking, the prognosis depends on staging of disease, so it is important to diagnosis AVN early so that prompt treatment can be initiated.
GENERAL APPROACH
In patients with glucocorticoid-induced AVN it is crucial to minimize the dosage and duration of glucocorticoid use. This could be achieved by addition or switching to a steroid sparing agent. In patients with more stable disease the use of oral glucocorticoid might be preferred to pulse high-dose therapy. It is also important to advise patients against other AVN risk factors such as alcohol use.
Conservative management of AVN includes bed rest and reduction of weight bearing with the use of crutches or canes. However it is generally believed that such conservative approach alone will not be sufficient to halt disease progression. In a prospective review of 36 patients with hip AVN [55] , the rate of successful treatment outcome (as gauged by Harris Hip Scores) of surgical approach was 70% compared to 20% in conservative approach in Ficat stage I AVN.
PHARMACOLOGICAL INTERVENTION
Several studies have reported the efficacy of the bisphosphonates in the treatment of AVN. However, evidence is controversial. Bisphosphonates increase osteoclasts apoptosis and inhibit the resorptive action of the osteoclasts. On the other hand, they reduce apoptosis of osteoblasts and osteocytes, thus retarding bone turnover. Agarwala et al. [56] showed that alendronate treatment in hip AVN led to a significant improvement in pain and disability score, as well as a significant increase in standing and walking time, with the efficacy lasting up to 10 years. They also reported a decrease in marrow edema in most cases by MRI scan after 1 year's treatment. In this study, a total of 40 patients were recruited, with 4 patients (10%) being glucocorticoid users. However there was no control group. A randomized controlled study by Lai et al. [57] demonstrated that patients with AVN of the hip treated with 25 weeks of alendronate had a significant lower rate of femoral head collapse (7%) compared to a control group who did not receive alendronate or had received placebo treatment (76%). Thirty-three percent of patients recruited in this study had a history of glucocorticoid use. However, a more recent randomized controlled study demonstrated a different result [58] . Fifty two patients with AVN (in 65 hips) were randomized to alendronate 70mg/week treatment or placebo for 104 weeks. AVN was induced by glucocorticoids in 4 of 26 patients (15%) of the alendronate group and 8 of 26 patients (31%) of the placebo group. No statistical difference in progression of AVN could be demonstrated by plain radiography and MRI between the two groups after 2 years. Four of 32 patients (13%) in alendronate group underwent total hip arthroplasty (THA), whereas 5 of 33 (15 %) patients in placebo group underwent THA. The number of THA in placebo group (5 out of 33 patients) was low compared to previous studies, which might have contributed to the lack of difference between alendronate and placebo groups.
Currently, there is not enough evidence to recommend the routine use of bisphosphonate in patients with AVN. Further studies with a larger number of patients are needed to confirm the therapeutic efficacy of bisphosphonates.
Another non-operative treatment option of AVN is hyperbaric oxygen (HBO) [59, 60] . HBO improves the oxygenation of hypoxic tissue and reduces edema by increasing the concentration of dissolved oxygen and inducing vasoconstriction. This accounts for the early pain relief in patients receiving HBO. In a randomized controlled study of 20 patients with Ficat stage II femoral head AVN of all causes, patients who received 30 treatment sessions of HBO in 6 weeks had significant greater improvement in pain and range of movement. Substantial radiographic healing of AVN was observed in 7 of 9 hips with HBO [59] . One disadvantage of HBO is its high cost of treatment. More studies are needed to evaluate its use as a primary treatment or adjunctive therapy for AVN.
SURGICAL TREATMENT OF AVN

Core Depression
Core decompression works by reduction of intramedullary pressure inside the femoral head by making a drill hole, thus improving blood flow to bone. This procedure is mainly indicated in early stage AVN. Mont et al. [10] reviewed 24 reports that included 1206 hips which have undergone core decompression. Seven hundred and eleven out of the 1130 hips (63%) showed no radiographic evidence of progression of disease in follow up X-ray. Mean duration of follow up was 30 months. Patients with earlier stage had better results, in which the average rate of survival was 84% for Ficat stage 1, 65% for stage 2 and 47% for stage 3. The authors concluded that core decompression is effective in delaying the need for total hip arthroplasty. The result was supported by another prospective study [55] which showed that the successful rate (as reflected by the Harris hip score) was higher with core decompression compared to conservative approach in both stage I, II and III hip. However, one smaller prospective study [61] showed that core decompression could provide pain relief but did not influence the time of collapse in patients with AVN.
Osteotomy
Osteotomy aims to relocate the necrotic area of bone from the weight loading area of acetabulum, so as to redistribute the weight loading to articular cartilage, which is supported by healthy bone. Results of studies of osteotomy vary according to different types of osteotomy. Transtrochanteric anterior rotational osteotomy has showed good results but was technically demanding [62] . Varus osteotomy aims to relocate the necrotic bone medially and shift the intact lateral articular surface into the weight bearing position. One study [63] showed that 28 of 32 hips (76%) with Ficat stage II or III AVN had good and durable surgical results according to Harris hips-scoring system after corrective osteotomy for 11.5 years. The results were even better in those who had not received glucocorticoids (85% achieved good excellent results). This operation, however, has several disadvantages that include elevation or lateral displacement of the greater trochanter.
Bone Graft
Bone graft aims to provide mechanical support to subchondral bone or cartilage. There are various types of bone grafting, some combined with osteotomy, osteochondral grafts, muscle pedicle bone grafts, and some are vascularized grafts to improve blood flow of the bone by achieving revascularization. Vascularized bone grafting is reported to have a higher successful rate than cortical graft, only 11% with stage II hips with free vascularized fibular grafting need to undergo total hip replacement in a 5 year follow up period [64] . In another study with longer follow up period of 10 years time, only 10.5% patients with vascularized graft had failed and required total hip replacement [65] . Possible morbidities after operation include weakness, sensory deficit and pain [66] . A study done in 1996 which looked into patients who underwent vascularized fibular grafts showed that at five years, 2.7% patients have lower limb motor weakness, 11% has sensory deficit and 8% has pain at sites other than ankle [67] .
Tantalum Rod
The new tantalum rod is made up of a biocompatible material with a porosity of 75%. It has been used to replace the necrotic bone segment to prevent collapse in Steinberg stage I-III femoral AVN. The presence of pores allows rapid bony ingrowth [68] . Recent studies showed encouraging results of this treatment modality [68] [69] [70] . Survivorship of the hip without the need to conversion to total hip arthroplasty was up to 70% at 6 years [68] . The disadvantage of the tantalum rod is that if the disease progresses, the tip of tantalum rod in the collapsed femoral head may protrude into the acetabulum. Moreover, there will be technical difficulty in removal of the tantalum rod in case of complications because of its strong bio-integration to the surrounding bone.
Joint Replacement
In the advanced stage of AVN, once the femoral head has collapsed or the destruction process has involved the acetabulum, joint replacement is indicated. These include femoral resurfacing arthroplasty, hemiarthroplasty, and total hip arthroplasty. Compared with total hip replacement due to other causes like osteoarthritis, patients with AVN in general have a less favorable long term durability or high failure rate [71] , likely because the patients are of younger age and are functionally more active. There is a concern for the need of repeated revision of hip replacement in younger patients due to the wear and osteolysis of joint surface, thus the use of joint preserving procedures should be explored in younger patients whenever possible especially in early stage of AVN. Recent advances include the use of more wear resistant bearing surfaces. Highly cross-linked polyethylene was shown to have excellent results with decreased wear rate and lower incidence of osteolysis. One recent study showed that the annual penetration was below 0.01mm/ year during 7 year follow up in patients with primary total hip arthroplasties using highly cross-linked polyethylene (81 out of 113 hips with AVN) [71] . Another more wear resistant bearing surface is ceramic-on-ceramic which also showed satisfactory clinical and radiological results especially in active and young patients [72] . However, squeaking, which is a high pitch noise related to the movement of prosthetic joint, is a concern [73] .
CONCLUSION
In conclusion, glucocorticoid use is one of the commonest and most important causes of non-traumatic AVN.
Postulated pathogenetic mechanisms of glucocorticoid-induced AVN include fat hypertrophy, fat emboli and intravascular coagulation. MRI is the most sensitive modality in picking up early stage of AVN. In patients receiving glucocorticoids, AVN can develop as early as in the first 12 months. At present there is no consensus to recommend universal screening for asymptomatic AVN in long-term users of glucocorticoids. Physicians should have a high index of suspicion for persistent pain at typical sites after commencement of glucocorticoids. Judicious use of glucocorticoids, such as the use of lowest effective doses, avoiding prolonged courses, minimizing the use of intravenous pulse methylprednisolone and early institution of glucocorticoid sparing agents may help to decrease the risk of AVN. Conservative management includes bed rest, reduction of weight bearing with use of crutches or canes and pharmacological therapy. At present there is not enough evidence to support the routine use of bisphosphonates or hyperbaric oxygen in glucocorticoid-induced AVN. Surgical treatment of AVN includes core decompression, osteotomy, bone graft and tantalum rod that may help to delay the progression of AVN. Arthroplasty are indicated for advanced AVN and articular collapse. Durability is a concern as patients suffered from glucocorticoid-induced AVN are mostly young. More wear resistant hip prostheses are being developed.
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